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The Cu(II)-diacetyl-bis (N4-methylthiosemicarbazone) complex
(ATSM� Cu(II)) has been suggested as a promising positron
emission tomography (PET) agent for hypoxia imaging. Several
in-vivo studies have shown its potential to detect hypoxic
tumors. However, its uptake mechanism and its specificity to
various cancer cell lines have been less studied. Herein, we
tested ATSM� Cu(II) toxicity, uptake, and reduction, using four
different cell types: (1) mouse breast cancer cells (DA-3), (2)
human embryonic kidney cells (HEK-293), (3) breast cancer cells
(MCF-7), and (4) cervical cancer cells (Hela) under normoxic and

hypoxic conditions. We showed that ATSM� Cu(II) is toxic to
breast cancer cells under normoxic and hypoxic conditions;
however, it is not toxic to normal HEK-293 non-cancer cells. We
showed that the Cu(I) content in breast cancer cell after
treatment with ATSM� Cu(II) under hypoxic conditions is higher
than in normal cells, despite that the uptake of ATSM� Cu(II) is a
bit higher in normal cells than in breast cancer cells. This study
suggests that the redox potential of ATSM� Cu(II) is higher in
breast cancer cells than in normal cells; thus, its toxicity to
cancer cells is increased.

1. Introduction

Cancer cells are metabolically more active and hence, more
proliferative than normal cells.[1] The increase in the blood
supply to the malignant tumors was found to fulfill the cells’
increased oxygen demand.[2] Therefore, based on the intra-
cellular oxygen levels, malignant cells can easily be differ-
entiated from normal cells. The onset of hypoxia in cells is one
of the essential biomarkers in cancer.[3] Moreover, cardiological
and neurological disease conditions have also been reported to
influence the cellular oxygen levels.[4] Hypoxia is a condition
that affects cells with lower oxygen levels (median pO2<5 mm
Hg).[5] In comparison, normal tissues have oxygen levels with a
median pO2 value of 40–60 mm Hg.[6] Therefore, hypoxic tissues
exhibit a highly reducing intracellular milieu.[6] Hypoxic cells are
resistant to chemotherapy and are detrimental to cell recovery
because oxygen is required for the recovery of the radio-
damaged DNA.[7]

The development of hypoxia-selective radiotracers that can
be easily monitored using positron emission tomography (PET)
has emerged as a demanding task in nuclear medicine. One of
the most common hypoxic biomarkers is 18F-Fluoromisonida-

zole (18FMISO), a nitroimidazole derivative.[8] Under low oxygen
conditions, the nitrogen dioxide group in 18FMISO is reduced to
the amine group and then is easily trapped by cellular proteins;
the retention time of 18FMISO increases in hypoxic tissues.[8b,9]

The main disadvantage of using the 18F radioactive isotope lies
in its short half-life: 109.7 min; after its injection to obtain a
sufficient signal, the waiting period is about 1.5 h. The develop-
ment of novel biomarkers to diagnose hypoxic conditions
opens up new avenues for researchers studying cancer and
neurodegenerative diseases.

Recently, metal-based complexes have been studied for
their high selectivity towards hypoxic tissues, based on their
redox ability. Copper-based (60Cu, 61Cu, 62Cu, 64Cu, or 67Cu)
radiotracers were examined to diagnose hypoxic cells.[10] Among
the Cu(II) complexes, the Cu(II)-diacetyl-bis(N4-meth-
ylthiosemicarbazone) complex (ATSM� Cu(II), Scheme 1), has
been proposed as a promising PET agent for hypoxia
imaging.[10b,d] The advantage of using the radioactive isotope of
copper, 64Cu(II) lies in its half-life of 12.8 h, which provides
enough time for cellular uptake and post-injection analysis.
ATSM� Cu(II) is a low molecular weight, membrane-permeable
copper complex. Several in-vivo studies have reported the
greater uptake and retention of ATSM� Cu(II) occurring in
hypoxic tumor tissues.[11]

The cellular uptake mechanism underlying ATSM� Cu(II) may
not involve copper transport proteins.[12] Once ATSM� Cu(II)
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Scheme 1. Structure of the ATSM� Cu(II) complex (A) and the ATSM� Cu(II)
complex with radio-isotope 64Cu(II) (B).
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enters the cell, the dissociation rate of copper from ATSM
ligands largely depends upon the cellular oxygen levels. In
normoxic cells, ATSM� Cu(II), having a low redox potential, is
not reduced to the Cu(I) or ATSM� Cu(I) intermediate; hence, it
is not retained intracellularly (by proteins/peptides) and it is
readily washed out of the cells. On the other hand, due to the
aggressive reducing conditions, hypoxic cells facilitate the
reduction of ATSM� Cu(II). The redox cycling of ATSM� Cu(II)
takes place through the intermediate ATSM� Cu(I); loosely held
Cu(I) dissociates from the ATSM coordination sphere via cellular
proteins (precipitated as copper sulfides); thus, it is retained by
the cells.[13] Therefore, the reduction, dissociation, and re-
oxidation of ATSM� Cu(II) play a critical role in diagnosing the
hypoxic cells. However, the continuous shuttling of redox-active
copper in (I) to (II) or vice versa catalyzes Fenton-like reactions
that produce different reactive oxygen species (ROS), which can
damage biomolecules such as DNA, RNA, proteins, and more.[14]

Therefore, it was suggested that copper complexes also have
therapeutic potential in various cancer models.[15] Indeed,
several thiosemicarbazone-based Cu(II) complexes were tested,
and showed promising activity as cancer drugs.[16]

ATSM� Cu(II) complex’s cellular uptake may depend upon
the cell type and the intracellular oxygen levels. The ATSM� Cu-
(II) complex is clinically relevant because it can detect hypoxic
tumors; however, the human prostate cancer cells’ imaging
might be limited by the over-expression of fatty acid synthase
in prostate cancer malignancies.[17]

Despite tremendous efforts, the cellular uptake of
ATSM� Cu(II) remains unclear. An intriguing question is whether
the uptake of ATSM� Cu(II) depends upon the cell types or the
cellular oxygen levels when modulating the cellular uptake of
the ATSM� Cu(II) complex.

The present study demonstrates the cytotoxicity effect of
ATSM� Cu(II) in four different mammalian cell lines under both
normoxic and hypoxic conditions. The intracellular copper
content was measured using a well-known Cu(I) chelator,
bicinchoninic acid (BCA), under normoxic and hypoxic con-
ditions. In addition, in-vitro experiments using the radio-labeled
ATSM� 64Cu(II) were carried out to obtain more insight into
intracellular copper transport. Finally, we performed western
blots to detect the expression level of CTR1 copper transporter
at various cell lines, and determine whether a correlation exists
between the ATSM� Cu(II) uptake and the cellular copper
metabolism.

2. Results and Discussion

Initially, we tested ATSM� Cu(II) and Cu(II) cytotoxicity against
four different cell lines: (1) mouse breast cancer cells-DA-3, (2)
human embryonic kidney cells-HEK-293, (3) breast cancer cells-
MCF-7, and (4) cervical cancer cells-Hela under normoxic and
hypoxic conditions for 24 h using the MTT assay (Figure 1). To
achieve hypoxic conditions, the cells were kept in an air-tight
box containing hypoxic bags, this creates conditions whereby
O2<0.1% within 2.5 h. In all the cell experiments, CuCl2 salt was
used and is referred to as a Cu(II). The toxicity of Cu(II) alone
against ATSM� Cu(II) was comparable under both normoxic and
hypoxic conditions. In all cell experiments with ATSM� Cu(II), the
DMSO percentage was less than 1% (except 1% for the 1 mM
concentration). With this concentration of DMSO, there was no
significant effect on cell viability. Table 1 presents the IC50
values for Cu(II) and ATSM� Cu(II) for different cell lines. The
IC50 values were calculated using the Ed50v10 Excel sheet
function.

In the DA-3 cell lines, the ATSM� Cu(II) complex shows an
IC50 value of about 298.0�18.7 μM under normoxic conditions,
which is less than that of free Cu(II). On the other hand, under
hypoxic conditions, ATSM� Cu(II) was found to be highly toxic
against DA-3 cells (<50 μM). For HEK-293 cells, Cu(II) alone
shows more toxicity than the ATSM� Cu(II) complex under
normoxic and hypoxic conditions. The treatment of ATSM� Cu(II)
to HEK-293 cells did not significantly kill the cells up to a
concentration of 0.5 mM (about 90% cell viability) under
hypoxic conditions. In addition, the complex does not signifi-
cantly affect the cell viability of HEK-293 under normoxic
conditions. The complexation of Cu(II) by the ATSM ligand alters
the toxicity of copper towards the HEK-293 cells. In the case of
MCF-7 cells, ATSM� Cu(II) was found to be toxic at all
concentrations (at least above 50 μM) irrespective of the
experimental conditions. Copper alone (Cu(II)) was found to be
non-toxic at higher concentrations (until 1 mM) to MCF-7 cells
under normal conditions, whereas a significant decrease in cell
viability (nearly 50%) was observed above a concentration of
0.5 mM under hypoxic conditions. For Hela cells, Cu(II) shows
IC50 values above 500 μM under normoxic and hypoxic
conditions. In comparison, complexed Cu(II) exhibits slightly
more toxicity than Cu(II) towards Hela cells under normoxic
conditions. Interestingly, ATSM� Cu(II) exhibits more cell viability
under hypoxic than under normoxic conditions. Overall, the
data indicate that the ATSM� Cu(II) complex shows more toxicity
towards cancerous cell lines DA-3 and MCF-7, except for Hela,
than do normal cells HEK-293. In addition, the ATSM� Cu(II)
complex can be slightly non-toxic to cancerous cells (DA-3 cells)

Table 1. IC50 values of the Cu(II) and ATSM� Cu(II) complex in different cells under normoxic and hypoxic conditions. All data are representative of three
similar experiments and the IC50 value represents the mean � SEM.

Type of Cells DA-3 HEK-293 MCF-7 Hela

Normoxic IC50 for Cu(II) [μM] 440.0�6.8 158.0�10.2 >1000 628.5�12.2
IC50 for ATSM� Cu(II) [μM] 298.0�18.7 >1000 <50 341.4�4.9

Hypoxic IC50 for Cu(II) [μM] 395.4�1.7 385.0�8.2 607.8�17.1 554.6�17.7
IC50 for ATSM� Cu(II) [μM] <50 >1000 <50 745.1�15.9
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under normal conditions. However, under both normoxic and
hypoxic conditions, the complex is highly toxic (IC50 value
<50 μM) to breast cancer cells, MCF-7.

To compare the rate of copper uptake by normal cells and
cancerous cells, we analyzed the copper uptake and reduction
in HEK-293 and MCF-7 cells using a bicinchoninic acid (BCA)
ligand - a Cu(I) selective chromophore. BCA binds Cu(I) with
high affinity in a 2 :1 stoichiometry, forming the (BCA)2� Cu(I)
complex.[18] The formation of the (BCA)2� Cu(I) complex can be
evaluated by following an intense absorption peak at 562 nm,
with an extinction coefficient of 7700 M� 1.[18a] We treated cells
with Cu(II) and the ATSM� Cu(II) complex and also subjected
them to normoxic and hypoxic conditions. The absorbance at
562 nm, obtained for the control cells, was subtracted from the
absorbance obtained after treatment of Cu(II) or ATSM� Cu(II)
for a specific time. Thus, the innate intracellular Cu(I) and Cu(I)
acquired from the medium can be excluded. The concentration
of the (BCA)2� Cu(I) complex can be calculated using Beer-
Lamberts law. The concentration of (BCA)2� Cu(I) represents the
concentration of the intracellular Cu(I) content. Since,
ATSM� Cu(II) is highly toxic to MCF-7 cells (IC50<50 μM) we
used the optimal concentration of 10 μM for both Cu(II) and
ATSM� Cu(II) treatment to achieve reproducible results. Upon
treatment with 10 μM of the ATSM� Cu(II) complex, significant
cell death was observed after 6 h. Therefore, we monitored the

intracellular Cu(I) levels up to 3 h. Figure 2 presents the intra-
cellular Cu(I) content at times of 0.5 h, 1 h, and 3 h.

An elevation in the Cu(I) levels with respect to time was
observed in controls (cells without treatment), Cu(II), and in
ATSM� Cu(II) complex-treated cells (see SI, Figure S1). The cell
medium (the complete DMEM) contains copper (Cu(II)/Cu(I)) in
trace amounts. The small elevation in Cu(I) levels in controls is
probably due to the copper uptake from the cell medium, along
with the intracellular Cu(I) content. However, the increased
copper is statistically insignificant.

In HEK-293 cells, a gradual increase in the cellular Cu(I)
content was observed until 24 h under normoxic and hypoxic
conditions (Figure 2A; see SI, Figure S2). At 3 h and 24 h, after
Cu(II) treatment under normoxic conditions, the cellular Cu(I)
concentration was found to be 0.77 μM and 3.11 μM, respec-
tively. Under hypoxic conditions, an increase in Cu(I) content
was found with 1.49 μM after 3 h and 4.02 μM after 24 h. The
hypoxic conditions may accelerate the reduction of the Cu(II),
which results in increased intracellular Cu(I) content.

Similarly, in the case of ATSM� Cu(II) in HEK-293 cells, a
gradual elevation in the intracellular Cu(I) levels was observed
at the early time intervals. The maximum Cu(I) content was
found at 3 h (see SI, Figure S2). In addition, the Cu(I) concen-
tration was much higher for ATSM� Cu(II) than for free Cu(II),
suggesting that the uptake of ATSM� Cu(II) by the cells is higher
than that of the free Cu(II) ions. The maximum Cu(I) concen-

Figure 1. Cell viability measurement using the MTT assay under normoxic conditions (above) and the hypoxic conditions (below) for DA-3 cells (A, B, C, and
D), HEK-293 (E, F, G, and H), MCF-7 cells (I, J, K, and L), and Hela cells (M, N, O, and P).
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tration at 3 h was found to be 3.25 μM under normoxic
conditions and 6.3 μM under hypoxic conditions. At later time
intervals (6 h and 24 h), a slight reduction in the Cu(I) levels was
detected, whereas at 24 h, under normoxic conditions, the Cu(I)
content was found to be 3.3 μM; however, under hypoxic
conditions it was 4.6 μM. This suggests a rapid depletion of
ATSM� Cu(II) from HEK-293 cells.

A similar experiment was carried out on MCF-7 breast
cancer cells (Figure 2B). After 3 h, under normoxic and hypoxic
conditions, the Cu(I) concentration after treatment with Cu(II)
was found to be 1.36 μM and 1.88 μM, respectively, which
suggestsonly a minor increase in Cu(I) content between
normoxic and hypoxic conditions. However, the Cu(I) content
after treatment with ATSM� Cu(II) complex in MCF-7 cells was
found to be much higher, whereas under normoxic conditions
at 3 h, a concentration of 3.1 μM Cu(I) was found, and 7.2 μM
was found under hypoxic conditions. Similar to the HEK-293
cells, in MCF-7 cells, an increased cellular Cu(I) content was
observed more under hypoxic conditions than under normoxic
conditions as expected, owing to the low oxygen level in the
cells, which accelerates the reduction of Cu(II) to Cu(I). However
the concentration of Cu(I) after ATSM� Cu(II) treatment in MCF-7
cells under hypoxic conditions was much higher than under
normoxic conditions. Figure 3 shows the difference in Cu(I)

concentration between hypoxic and normoxic conditions for
both cell types after Cu(II) and ATSM� Cu(II) treatment. After 3 h
of Cu(II) treatment using both cell types, there was only a slight
change in the Cu(I) concentration, owing to the hypoxic
conditions. However, after treatment with ATSM� Cu(II), the Cu(I)
content increased by four times in the HEK-293 cells and about
eight times in MCF-7 cells, compared with treatment with free
Cu(II) ions. Moreover, there was 14% more Cu(I) concentration
in MCF-7 cells than in the HEK-293 cells under hypoxic
conditions. The large increase in Cu(I) content in MCF-7 cells
under hypoxic conditions may affect the toxicity of this complex
to the cells.

Overall, the results indicate that ATSM� Cu(II) integrates into
both the HEK-293 and MCF-7 cells. The rate of the cellular
uptake of ATSM� Cu(II) is higher than that of free Cu(II) in both
cell types.

The intracellular oxygen levels influence the cellular copper
transport and reduction (for both free Cu(II) and ATSM� Cu(II)),
since more Cu(I) is integrated into the cells under hypoxic
conditions than under normoxic conditions.

To compare the cellular copper uptake into the cells upon
Cu(II) and ATSM� Cu(II) treatment, we performed 64Cu(II) radio-
active experiments in HEK-293 and MCF-7 cells using a radio-
active isotope of copper, 64Cu(II). These experiments evaluate
the content of 64Cu, which contains both 64Cu(II) and the
reduced form, 64Cu(I). Previously, the copper uptake studies on
the EMT6 cells over time under different oxygen concentrations
(0%, 0.1%, 0.5%, 5%, and 20%) showed that the maximum
uptake was at 1 h after injection of ATSM� 64Cu(II) (about 70–
90% for 0.1 to 0% oxygen).[19] However, regarding ATSM� Cu(II),
the maximum Cu(I) concentration measured using BCA, was
observed at 3 h post-treatment. Therefore, the cellular uptake in
the HEK-293 and MCF-7 cells was tested using the radiolabeled
complex at 1 h and 3 h post-injection (Figure 4). At the time

Figure 2. Intracellular Cu(I) content upon the time-dependent treatment of
10 μM Cu(II) or ATSM� Cu(II), measured using BCA ligand under normoxic
and hypoxic conditions in A. HEK-293 cells, and B. MCF-7 cells. The values
are expressed as the means � SEM of at least three independent experi-
ments.

Figure 3. The difference in the intracellular Cu(I) content between hypoxic
and normoxic conditions upon time-dependent treatment of 10 μM Cu(II) or
ATSM� Cu(II), measured using BCA ligand in A. HEK-293 cells, and B. MCF-7
cells.

ChemistryOpen
Full Papers
doi.org/10.1002/open.202100044

489ChemistryOpen 2021, 10, 486–492 www.chemistryopen.org © 2021 The Authors. Published by Wiley-VCH GmbH

Wiley VCH Montag, 26.04.2021

2104 / 201577 [S. 489/492] 1

https://doi.org/10.1002/open.202100044


that 64Cu(II) and ATSM� 64Cu(II) were injected, the activities were
4.67 μCi and 5.29 μCi, respectively. The activity of the radio-
isotope integrated into the cells was plotted as the percentage
of the relative activity using the activity at the time of the
injection. The results obtained are in agreement with those in
the non-radiolabeled cell experiments. In both cell types, the
uptake of ATSM� 64Cu(II) is significantly higher than that of
64Cu(II) under both normoxic and hypoxic conditions for times
of 1 h and 3 h (Figure 4), and it is much higher at 3 h than at
1 h after injection. Under hypoxic conditions, 64Cu(II) or
ATSM� 64Cu(II) integrated more easily in HEK-293 and MCF-7
cells than under normoxic conditions. In HEK-293 cells,
ATSM� 64Cu(II) shows the highest percentage activity, 3.35% at
3 h, which is about 3.5 times higher than the percentage
activity (1.07%) observed at 1 h under hypoxic conditions.
When we compare the percentage of the relative activity of
ATSM� 64Cu(II) at 3 h under normoxic and hypoxic conditions,
the uptake of the complex under hypoxic conditions was found
to be ~5.1 times higher than the uptake under normoxic
conditions.

Similarly, in MCF-7 cells, higher activity was observed with
ATSM� 64Cu(II)-treated cells than with 64Cu(II)-treated cells under
both normoxic and hypoxic conditions. Under hypoxic con-
ditions,

ATSM� 64Cu(II) shows the highest percentage activity, 2.75%
at 3 h, which is 3.4 times higher than the percentage activity at
1 h (0.79%) under hypoxic conditions and also about 2.5 times
higher than the percentage activity (1.1%) observed at 3 h
under normoxic conditions. Surprisingly, the uptake of the
complex in HEK-293 cells was found to be slightly higher than
in MCF-7 cells under normoxic conditions.

The experiments performed so far suggest that the
ATSM� Cu(II) complex is much more toxic to MCF-7 cells than to
HEK-293 cells. We detected higher Cu(I) content after 3 h of
treatment and under hypoxic conditions for MCF-7 cells than
for HEK-293 cells. However, the uptake of ATSM� Cu(II) in HEK-
293 cells is 20% higher than in MCF-7 cells (based on the
radioactive experiments). In order to determine whether this
difference between the cell types is related to a different
copper metabolism in the various cell types, we performed
western blots to evaluate the amount of the main copper
transporter, CTR1, in the HEK-293, MCF-7, and Hela cells
(Figure 5). The experiment indicated that the CTR1 expression
level is the highest in HEK-293 cells, and that it is the lowest in
Hela cells. The higher amount of CTR1 in HEK-293, compared
with MCF-7 might explain why ATSM� Cu(II) uptake is higher in
HEK-293 cells than in MCF-7 cells. In addition, this experiment
also proposes that the ATSM� Cu(II) uptake in Hela cell is very
low owing to the low amount of CTR1; therefore, probably
ATSM� Cu(II) is less toxic to Hela than to MCF-7 cells.

3. Conclusions

Herein, we explored the cellular update and toxicity in various
cell systems of the radiotracer ATSM� Cu(II). We showed that
ATSM� Cu(II) is more toxic to breast cancer cell lines than to
normal HEK-293 cells; however, its toxicity to Hela cancer cells is
lower than in the breast cancer cell lines. This indicates that
Cu(II) complexes do not have a similar effect in different cancer
cells. Moreover, ATSM� Cu(II) toxicity increased under the
hypoxic conditions of the cell. We also showed that the Cu(I)
content after ATSM� Cu(II) treatment is higher in breast cancer
cells than in normal cells, despite that the uptake of ATSM� Cu-
(II) is higher in normal cells (HEK-293) than in breast cancer
MCF-7 cells. This suggests that the toxicity of ATSM� Cu(II) is
associated with a reduction of Cu(II) to the toxic reduced form
Cu(I). We also found that the amount of CTR1 copper trans-
porter is higher in HEK-293 cells than in MCF-7 cells, and that it
is the lowest in Hela cells. This suggests that the ATSM� Cu(II)

Figure 4. Intracellular 64Cu content in HEK-293 cells A. and MCF-7 cells B.
measured using a radioactive isotope of copper, 64Cu(II), and ATSM� 64Cu(II)
under normoxic and hypoxic conditions.

Figure 5. Expression of copper transporters, CTR1, in several cell lines by
Western blot analysis. Actin was used as a loading control.
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uptake and toxicity may be correlated with the cells’ copper
metabolism.

Experimental Section

Materials and Methods

All chemicals obtained were of high-quality grade and used without
further purification. 4-Methyl-3-thiosemicarbazide, diacetyl (2,3-
butanedione), Cu(Cl)2 · 2H2O, bicinchoninic acid (BCA), and sterile-
filtered cell culture grade dimethyl sulfoxide (DMSO) were
purchased from Sigma-Aldrich.Dulbecco’s Modified Eagle’s Medium
(DMEM). Fetal Bovine Serum (FBS), antibiotic (penicillin and
streptomycin) solution, and MTT (3-(4, 5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) were purchased from Himedia.
Hypoxic bags were purchased from Sigma-Aldrich. 64CuCl2 was
obtained from Acom-srl, Italy.

Synthesis of the ATSM� Cu(II) Complex

We used a previously reported method for the synthesis of the
ATSM� Cu(II) complex.[12b,20]

First, the ATSM ligand was synthesized by the condensation
reaction of 4-methyl-3thiosemicarbazide (1.2 g, 11.4 mmol) and
diacetyl (0.5 mL, 5.7 mmol) in ethanol (50 mL) with constant
heating and stirring. A few drops of glacial acetic acid were added
to the reaction mixture and then it was refluxed at 60 °C for 4 h. A
white precipitate was formed. The flask was kept at 4 °C overnight
for complete precipitation. Finally, a pale-yellow precipitate was
obtained, then washed 3–4 times with ethanol and diethyl ether.
1H-NMR (DMSO-d6): 10.22(s,2H) NH, 8.38 (m,2H) NHCH3, 3.02 (d, 6H)
NHCH3, 2.20 (s, 6H) 2xCH3 and ESI-MS (+): m/z 260.4.

ATSM� Cu(II) complex: ATSM ligand (0.1 g, 0.38 mmol) was dissolved
in ethanol with constant heating and stirring. An ethanolic solution
of copper acetate (0.0768 g, 0.38 mmol) was added dropwise to the
ligand solution. A brown precipitate formed immediately. The
reaction mixture was refluxed at 60 °C for 4 h and again was
refluxed overnight at room temperature. The brown-red precipitate
obtained was washed several times with ethanol and diethyl ether.
UV-visible spectroscopy: λmax (DMSO) at 311 nm and 355sh, 476 nm
and 525sh. ESI-MS (+): m/z 322.

Stock Solution Preparation

A stock solution of ATSM� Cu(II) (100 mM) was prepared in DMSO. A
stock solution of CuCl2 (100 mM) was prepared in distilled water
and the concentration was verified by UV-Vis spectroscopy from
the d-d band of Cu(II) at 780 nm (ɛ=12 M� 1 cm� 1). These stock
solutions were further diluted and used for the experiments listed
below.

Cell Viability Measurement Using MTT

Cells were grown in DMEM medium supplemented with 10% FBS,
1% L-glutamine, and 1% antibiotic solution (penicillin and
streptomycin) at 37 °C in a humidified chamber at 5% CO2. The
samples (different concentrations of Cu(II) and the ATSM� Cu(II)
complex) were passed through 0.22 Kd syringe filters for sterilization
before treatment. Cell viability was measured in 96-well plates by a
quantitative colorimetric assay using MTT in triplicate. Briefly, 105

cells per ml were seeded in 96-well plates for the assay. The cells
were treated with samples in DMEM medium without FBS (treat-

ment media). The treatment media were prepared using a 100 mM
stock solution of Cu(II) and ATSM� Cu(II). For ATSM� Cu(II), the
treatment medium contained less than 1% DMSO (except the
1 mM concentration containing 1% DMSO). At 24 h after the
treatment, the media were removed, 20 μl 5 mg/ml MTT (the final
concentration) was added to the wells, and the cells were
incubated at 37 °C for another 4 h. The MTT solution was removed,
and the colored formazan crystals in each well were dissolved in
180 μl DMSO. Absorbance at 590 nm was measured using a μ
Quant, BioTek Instruments microplate reader.

Measurement of Intracellular Cu(I) Using BCA

Cells were grown in a sterile T-75 flask supplemented with
complete DMEM medium (high glucose, fetal bovine serum-10%,
antibiotics penicillin, and streptomycin (pen strep)- 5%, and L-glu-
5%) in an incubator at 37 °C with 5% CO2. The cells (105) were
seeded in a six-well plate and kept in the incubator for 2–3 days to
attach the cells; a 70–80% cell density was obtained in each well.
Then the medium was replaced with fresh DMEM (2 mL). The cells
were further treated with Cu(II) and the ATSM� Cu(II) complex for
0.5 h, 1 h, 3 h, 6 h, and 24 h. 2 mM stock solutions of Cu(II) and
ATSM� Cu(II) were used. Hence, during the ATSM� Cu(II) treatment,
the medium contained 0.5% DMSO. The final concentration of
Cu(II) or ATSM� Cu(II) in each well was 10 μM. For normoxic
conditions, the cells were incubated for the required time point at
37 °C and with 5% CO2. For the hypoxia conditions, the plates were
kept in a box containing hypoxic bags for 2 h before the treatment
and again for the required time point after the treatment. After the
treatment, the medium was removed from the wells, and cells were
washed (2–3 times) with sterile PBS. Cell lysis buffer -RIPA buffer
(300 μL) was added to the wells and shaken at 4 °C for 10 minutes.
Then 300 μL of a solution from the BCA protein assay kit were
added to the wells, and finally, 1.5 mL samples were collected into
Eppendorf tubes. Each sample was warmed at 50 °C for 15 minutes,
then covered with aluminium foil. After half an hour, the formation
of Cu(I)� (BCA)2 was detected at 562 nm using UV-Visible spectro-
scopy.

Radioactive Copper Experiments
64Cu(II) stock was prepared in 0.2 M glycine buffer (pH- 5.5).
ATSM� 64Cu(II) was prepared by adding 64Cu(II) (469.5 μL) into the
ATSM ligand dissolved in DMSO (3.84 mM, 365 μL). The stock
solution was then diluted using glycine buffer to obtain the
required activity for ATSM� 64Cu(II) in the desired volume. The
complexation ratio was determined by HPLC, where both the UV
and the gamma emission were detected, it was found that 95% of
64Cu(II) was complexed to ATSM ligand.

HEK-293 and MCF-7 cells were grown in 6-well plates with 3 ml of
DMEM high glucose (10% FBS, 1% PNSN, and 1% L-Glu) for 3 days
until each well reached 85–90% confluency. Then the medium was
removed from each well and replaced with 2 ml fresh medium.
Finally, 150 μl 5 μCi of 64Cu(II) or ATSM� 64Cu(II) was added into each
well. For the hypoxic conditions, we added an anaerobic atmos-
phere generation bag to the box and closed it with a lid and
paraffin. Under normoxic conditions, the cells were incubated for a
full day at 37 °C and 5% CO2. Under hypoxic conditions, however,
the plates were at 37 °C and with 7–15% of CO2 and 0.1% oxygen.
After the treatment for the specific time intervals (1 h and 3 h), the
medium was removed, and the cells were washed with PBS (4 ml).
The cells were lysed using RIPA lysis buffer (300 μl) and then
scraped. Finally, 300 μl of PBS was added, and cells were removed
and measured for radioactivity using a gamma counter. All the
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measurements were taken after fixing with a detector efficiency of
100%.

Western Blot Experiments

The cell lines cultures used for testing were grown in cell culture
flasks and incubated at 37 °C with 5% CO2 for a few days. After
incubation, the culture was washed with cold PBS and lysed by
adding RIPA Buffer. The samples containing 50 μg of total protein
from each cell line were separated by SDS-PAGE and transferred to
a nitrocellulose membrane using a transfer apparatus according to
the manufacturer’s protocols (Bio-Rad). After incubation with 3%
milk solution in TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 0.5%
Tween 20) for 60 min, the membrane was incubated with anti-
bodies against human CTR1 (GeneTex SLC314, 1 : 1000) or Actin
DSHB JLA20, 1 :500) at 4 °C over night. The membrane was washed
with TBST three times for 10 min and incubated with a 1 :20000
dilution of peroxidase-conjugated secondary antibody for 60 min.
The blot was washed with TBST three times for 10 min and
developed with the ECL system (Bio-Rad) according to the
manufacturer’s protocols.
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